Background: Dilated cardiomyopathy (DCM) and myxomatous mitral valve disease (MMVD) are the most common diseases noted in dogs. Although their pathogenesis varies, both include a significant enlargement of the left atrium. The study was carried out on left atrial specimens obtained from 56 dogs, including those from 34 dogs with clinically diagnosed MMVD, 15 dogs with DCM and 7 dogs without heart disease (control group). Dogs in the MMVD and the DCM groups presented with left atrial enlargement and stage D heart failure. The specimens underwent immunohistochemical examination using desmin, vimentin, periostin and caspase-3 antibodies. Results: There were alterations in the expression of the studied proteins in the study groups compared to the control group. The changes included: irregularity of desmin cross-striation and desmosomes, a higher amount of vimentinpositive cells, a change in the periostin expression pattern from cytoplasmic to extracellular, and a lower expression of caspase-3. The alterations were more pronounced in the DCM group than in the MMVD group. Conclusions: During heart failure, the pattern of desmin, vimentin, periostin and caspase-3 expression alters in the left atrium, regardless of the cause. The changes are more pronounced in dogs with DCM than in dogs with MMVD and similar left atrial enlargement, suggesting that volume overload may not be the only cause of myocardial changes in DCM.
Background
Dilated cardiomyopathy (DCM) is a disease of various aetiologies diagnosed mainly in large and giant breed dogs. It is characterised by an enlargement of all the heart chambers without other concurrent heart diseases [1] [2] [3] [4] [5] [6] .
Myxomatous mitral valve disease (MMVD) involves a progressing degeneration of the valve leaflets resulting in mitral regurgitation and left atrial and ventricular enlargement [7] .
The majority of research concerning heart failure resulting from these diseases focuses on changes occurring in the ventricles. However, current research suggests that myocardial remodelling is more pronounced in the left atrium than the left ventricle [8, 9] .
Although both DCM and MMVD are accompanied by a considerable enlargement of the left atrium (LA), our previous study [10] showed significant differences in the remodelling of the LA wall in these two diseases. DCM is accompanied by a more pronounced interstitial fibrosis with less distinct perivascular fibrosis and myocardial arterial narrowing than MMVD. Additionally, the cardiomyocyte degenerative changes are more severe in DCM than in MMVD. Hence, we decided that it might be useful to assess and compare the expression of various cell markers of cardiomyocyte and interstitial tissue in these diseases. Since myocardial remodelling affects not only cardiomyocytes but also the interstitial tissue, we assessed various cell markers: desmin as a standard cardiomyocyte marker, vimentin as a typical cell marker expressed in mesenchymal cells, periostin as a novel marker for myocardial remodelling, and caspase-3 as a marker of cell apoptosis. This preliminary study is the first step toward extensive research on a wide variety of cell markers.
Desmin is a protein that builds intercalated discs. It is the main component of the cardiomyocyte cytoskeleton and forms the intermediate filament. Due to its role in the formation of striation within the myocardium, desmin plays an important part in the normal functioning of the myocardium by forming striation. In the course of heart failure, the structure of the cardiomyocyte is compromised and there is a disorganisation of desmin filaments and loss of cross striation [11] [12] [13] [14] .
Vimentin builds intermediate filaments of mesenchymal cells and is produced in fibroblasts, macrophages, endothelial cells and smooth muscle cells. In normal cardiac tissue, vimentin-positive cells are spread among cardiomyocytes, forming a delicate stroma, the amount of which increases with progressing heart failure [12, 14] .
Periostin expression is particularly high in collagen-rich connective tissue subjected to mechanical stress e.g. heart valves [15] . In a normal heart, periostin plays a role in the morphogenesis of heart valves. It is also produced by fibroblasts and ventricular cardiomyocytes during heart failure and over the past few years has served as a marker of myocardial remodelling in volume overload in humans and as a potential new target for treatment possibilities [16] [17] [18] .
In quiescent cells, caspases exist as inactive zymogens that are readily activated by autocatalytic processes or by other caspases following a death signal [19] . The activation of caspase-group proteins is crucial during apoptosis, which is thought to be one of the factors causing progressing heart failure of various aetiologies [20, 21] .
The objectives of the study were: (1) the assessment and comparison of the expression of desmin, vimentin, periostin and caspase-3 in the left atrial myocardium in dogs with DCM and MMVD showing severe left atrial enlargement; (2) comparison of those results with the results from a group of dogs without heart disease; (3) the evaluation of the correlation between the expression of the examined proteins and heart remodelling based on the histological examination.
Methods

Population study and inclusion criteria
The study was conducted on left atrial specimens obtained from 56 dogs divided into 3 groups: dogs presenting with dilated cardiomyopathy (DCM group; n = 15), dogs with left atrial enlargement due to myxomatous mitral valve disease (MMVD group; n = 34) and dogs that underwent euthanasia due to causes not related to cardiovascular system and that did not show intravital or post-mortem features of cardiorespiratory disease and LA enlargement (control group; n = 7).
Dogs met the inclusion criteria if they had an enlarged left atrium as defined by an echocardiographic examination (left atrial (LA)-to-aortic root (Ao) diameter ratio; LA/Ao >1.7 [22] ), which was confirmed in the postmortem examination. A dilation of the left ventricle and a decreased fractional shortening (FS < 20%), both noted during the echocardiographic examination [3, 5, 6] , with normal or type 1 mitral valve lesions (according to Whitney [23] ) were required to classify dogs in the DCM group. Dogs in the MMVD group were required to have a preserved left ventricular systolic function (FS > 20%, noted by echocardiographic examination) with type 3 or 4 mitral valve lesions (according to Whitney [23] ). At the time of death or euthanasia, all the dogs in the DCM and MMVD groups presented with stage D heart failure (according to the ACVIM Consensus Statement [24] ).
Clinical and post-mortem examination
Fourty two dogs underwent a standard clinical and cardiological examination with ECG, an echocardiographic examination and 24-h ECG (Holter) monitoring in cases where rhythm disturbances were suspected as described in our previous study [10] . After the examination, dogs in the DCM and the MMVD group underwent appropriate treatment to reduce the effects of progressive heart failure and/or arrhythmias, and were checked every 6 months or more frequently if necessary until the moment of death or euthanasia. All the dogs in the DCM and the MMVD group died or were euthanized within 5 years of diagnosis.
In 14 cases, some or all the results of the cardiac examination were not available. In those cases, a particular emphasis was put on the post-mortem examination to confirm the inclusion of the dogs in the DCM, MMVD, or control group.
The results of the echocardiographic examination (left atrial and left ventricular enlargement) were confirmed during the post-mortem examination, and the type of mitral valve lesion was assessed. Heart measurements were taken using a manual 150 mm Beerendonk caliper, accurate to the nearest 1/20 mm. The measurements were taken in planes compatible with those used during the echocardiographic examination. The left atrial diameter was related to the diameter of the aorta (as in LA/Ao ratio) and the left ventricular internal diameter and wall thickness were measured beneath the mitral valve with the omission of the papillary muscles. The type of mitral valve lesion according to Whitney [23] was determined based on the thickness of the valve leaflets and tendinous chords. Specimens from the left atrial wall were collected from each dog for further histopathological and immunohistochemical analysis. The specimens were collected in the dorso-ventral plane from the middle portion of the atrial free wall, at the same site in all the dogs.
Histopathological examination
The specimens were fixed in 7% buffered formalin, dehydrated, embedded in paraffin blocks and sectioned at 4 μm. Each specimen was randomly assigned a number to allow a blinded examination. The specimens were stained with haematoxylin-eosin and Masson-Goldner trichrome and evaluated for interstitial and perivascular fibrosis, cardiomyocyte degeneration, intramyocardial arterial narrowing and inflammatory infiltrates as described in our previous study [10] . The interstitial fibrosis was evaluated after superimposing a 16-field grid over the digital image and counting the number of fields that showed the presence of fibrosis [4, 10] . The severity of perivascular fibrosis was scored from 0 (no fibrosis) to 3 (severe fibrosis) [10] . Cardiomyocyte degenerative changes (abnormal cell nuclei, loss of striation and changes in the structure of the cardiomyocytes) were scored from 0 (normal myocardium or changes affecting <25% of myofibres) to 3 (changes affecting >75% of myofibres) [10] . Intramyocardial arterial narrowing was assessed using the lumen area ratio (LAR; the luminal area of the vessel divided by the total vessel area, not including the adventitia) [10, 25] . Inflammatory infiltrates were evaluated according to the number of inflammatory cells in a high power field [10] . Each of the features was evaluated in 20 randomly chosen fields per slide (for interstitial fibrosis, cardiomyocyte degeneration and inflammatory infiltrates) or in at least 10 vessels per slide (for perivascular fibrosis and intramyocardial arterial narrowing). An average score was counted for each feature in every specimen.
Immunohistochemical examination
The paraffin sections were placed on silanized microscope slides and underwent a standardised immunohistochemical staining procedure using Autostainer Link48 (DakoCytomation, Glostrup, Denmark). First, deparaffinization, rehydration and antigen retrieval was performed using EnVision Then slides were incubated with EnVision FLEX/HRP (20 min). 3,3′-diaminobenzidine (DAB, Dako) was utilized as the peroxidase substrate and the sections were incubated for 10 min. Finally, all sections were counterstained with EnVision FLEX Hematoxylin (Dako) for 5 min. After dehydration in graded ethanol concentrations (70%, 96%, 99,8%) and in xylene, slides were closed with coverslips in Dako Mounting Medium (DakoCytomation). Specimens from the control group collected for the analysis of the expression of desmin, vimentin and caspase-3 served as positive controls. Specimens of heart valves stained according to the abovementioned protocol were used as positive controls for the expression of periostin; sections immunostained in the absence of a primary antibody were used as negative controls.
Photomicrographs of the examined tissues were subjected to computer-assisted image analysis, using a computer coupled to an optical Olympus BX53 microscope, equipped with an Olympus Color View IIIu digital camera (Olympus, Japan) and cell^A software (Olympus Soft Imaging Solution GmbH, Germany).
Since in the literature the immunohistochemical expression of the examined markers in the myocardium is reported mainly descriptively [11, 14, 26] , we evaluated the pattern of expression for each cell marker. Moreover, to allow a semi-quantitative comparison of the examined markers and their correlation with myocardial remodelling, their expression in cardiomyocyte and interstitial tissue was appraised in 10 randomly chosen high power fields using a three step approach: 1) the intensity of expression (scored from 0-no expression, to 3-strong expression), 2) the percentage of marker-positive cells within a high power field, 3) the modified semiquantitative immune-reactive score (IRS) scale according to Remmele [27] . The latter takes into account both the intensity of the expression and the percentage of positive cells. Additionally, the expression of desmin within the desmosomes was scored from 0 (no expression) to 3 (strong expression). An average score from 10 examined fields was counted for each feature.
Statistical analysis
The normality of the data was evaluated using ShapiroWilk analysis. The obtained data underwent statistical analysis using the Kruskal-Wallis rang analysis and Spearman's correlation test using StatisticaPL for Windows (StatSoft, Poland). Statistical significance was set at p ≤ 0.05.
Results
The DCM group consisted of 13 males and 2 females, aged from 4 to 11 years (median 8 years), weighing from 30 to 45 kg (median 31 kg), and included eight Doberman Pinchers, four German Shepherds, two boxers and one Great Dane. The MMVD group consisted of 21 males and 13 females, aged from 8 to 19 years (median 14 years), weighing from 5 to 35 kg (median 10
There was no significant difference between the LA/ Ao ratio in both examined groups in either the echocardiographic or post-mortem examination (p > 0.05).
Immunohistochemical examination
The results of the protein expression in each group of dogs are presented in Tables 1 and 2 
Desmin
In the normal myocardium, both striation and desmosomes are well visible. In enlarged left atria, the striation becomes irregular, unclear and the desmosomes are faint or do not stain. The changes in the desmin staining pattern are more pronounced in the DCM dogs than in the MMVD dogs with significantly lower staining intensity and lower Remmele scores in the first group (Tables 1 and 2, Fig. 1 ).
The intensity of the desmin expression showed a negative correlation with the enlargement of the cardiomyocyte nuclei (p < 
Vimentin
In all the examined specimens, vimentin was expressed within the interstitial tissue. The amount of vimentinpositive cells differed between the examined groups. We observed no difference in the intensity of the vimentin staining in all the groups. A significantly higher percentage ) indicate values showing significant statistical difference. All the cell markers were evaluated for: the intensity of expression (scored from 0: no expression to 3: strong expression), the percentage of cells showing positive expression, as well as the Remmele score (scored from 0 to 12, taking into account both the intensity of expression and percentage of positive cells). Additionally the cardiomyocyte desmosomes were evaluated for desmin expression from 0 (no visible desmosomes) to 3 (well visible desmosomes) of vimentin-positive cells was characteristic of the DCM group as compared to the remaining two groups (Tables 1  and 2 , Fig. 2) .
The percentage of vimentin-positive cells showed a negative correlation with perivascular fibrosis (p < 0.05, r = −0.39), a positive correlation with the enlargement of cardiomyocyte nuclei (p < 0.05, r = 0.34), and a negative correlation with arterial narrowing (p < 0.05, r = −0.37). The vimentin Remmele score showed a negative correlation with perivascular fibrosis (p < 0.05, r = −0.33) and with arterial narrowing (p < 0.05, r = −0.39).
Periostin
Periostin was expressed in the normal myocardium, mainly in the cytoplasm of cardiomyocytes. There was also mild expression in the interstitial tissue. 29.4% of the MMVD specimens and 33.3% of the DCM specimens showed a strong expression of periostin in the interstitial tissue and only mild expression in the cardiomyocyte cytoplasm. Approximately 30% of the specimens in each group showed no expression of periostin. At the same time, significantly fewer periostin-positive cells were observed in the DCM group as compared to the remaining two groups (Tables 1 and 2, Fig. 3 ).
Both the percentage of periostin-positive cells and the periostin Remmele score showed a negative correlation with the enlargement of the cardiomyocyte nuclei (p < 0.05, r = −0.3).
Caspase-3
Caspase-3 gave a strong diffuse cytoplasmic expression in all the specimens from the control group. A similar expression was observed in 73.5% of dogs in the MMVD group and in only 26.7% of dogs in the DCM group. The DCM group showed a significantly lower percentage of caspase-3-positive cells and a lower Remmele score as compared to the remaining two groups (Tables 1 and 2, Fig. 4) .
The intensity of the expression of caspase-3 showed a negative correlation with the loss of striation (p < 0.05, r = −0.28) and a positive correlation with the arterial narrowing (p < 0.05, r = 0.51). Both the percentage of caspase-3-positive cells and caspase-3 Remmele score showed a negative correlation with the enlargement of cardiomyocyte nuclei (p < 0.05, r = −0.44 and r = −0.47, respectively), loss of striation (p < 0.05, r = −0.38 and r = −0.48, respectively) and cardiomyocyte degeneration (p < 0.05, r = −0.36 and r = −0.43, respectively).
Discussion
Our study shows that although DCM and MMVD are both accompanied by LA enlargement, there are various DES desmin, desm desmosomes, VIM vimentin, PER periostin, CAS caspase, DCM dogs with dilated cardiomyopathy, MMVD dogs with myxomatous mitral valve disease Desmin showed positive expression within the cardiomyocyte and was evaluated for the regularity and visibility of the cardiomyocyte cross-striation and for the visibility of desmosomes within the cardiomyocyte; vimentin showed positive expression within the interstitial tissue and no expression within the cardiomyocyte; periostin showed positive expression in both cardiomyocyte and interstitial tissue with variable intensity; caspase-3 showed positive expression only within the cardiomyocyte. All the cell markers showed cytoplasmic expression changes occurring in the myocardium in the course of these diseases, with more pronounced changes in cardiomyocytes and interstitial tissue in DCM than MMVD.
During the progression of heart failure, the cross striation and desmosomes became less organised. The amount of interstitial tissue comprised of vimentin-positive cells increased. These changes were more pronounced in the Fig. 1 The cytoplasmic expression of desmin in cardiomyocyte (brown) in examined groups (interstitial tissue stained blue; scale bar = 50 μm). a -DCM group: the cardiomyocytes are swollen and show irregular desmin expression scored 1 with no visible cross-striation; the desmosomes are not visible (score 0); b -MMVD group: cardiomyocyte with regular, well-preserved striation; the intensity of desmin expression scored 3; desmosomes are well visible (arrows; score 3); c -control group: cardiomyocyte with regular, well-preserved striation; the intensity of desmin expression scored 3; desmosomes are well visible (arrows; score 3) DCM group than in the MMVD group. With heart failure, the structure of cardiomyocytes and intercalated disks undergoes disorganisation, which leads to loss of myofilaments and their supporting proteins, e.g. desmin [14, 26] . Cardiomyocyte remodelling is accompanied by the expansion of interstitial tissue with fibrosis and scar formation [26] . The interstitial tissue in failing hearts consists not only of mesenchymal cells, but also of collagens and fibronectin [14] . That may explain why we did not find Fig. 3 The cytoplasmic expression of periostin (brown) in examined groups (periostin-negative cells stained blue; scale bar = 50 μm). a -DCM group: strong expression in interstitial tissue (arrows) with intensity scored 2; b -MMVD group: diffused cytoplasmic expression in cardiomyocyte (*) with mild expression in interstitial tissue (arrows); intensity of expression scored 1; c -control group: diffused cytoplasmic expression in cardiomyocyte (*); intensity of expression scored 1 The periostin showed variability in the expression pattern. It changed from a cytoplasmic intra-cardiomyocyte expression in the control group to an intense expression in the interstitial tissue with only mild expression in the cardiomyocyte cytoplasm present in the DCM and MMVD group. Periostin undergoes upregulation in injured and remodelling tissues (including myocardium), [15, 17, 28] . It binds to the extracellular matrix proteins and does not play a direct structural role. Instead, it modulates the cell phenotype and function. It activates cardiac fibroblasts, inducing their migration and transdifferentiation [15] . According to Zhao et al. [28] , the increase in interstitial periostin expression shows a high correlation to heart fibrosis. We evaluated both interstitial and cardiomyocyte periostin expression and found no such relationship. However, both greater interstitial fibrosis and more pronounced change in the periostin expression pattern were found in the DCM group than in the MMVD group.
The lower expression of caspase-3 noted in the DCM group as compared to both the MMVD and the control group contradicts the results of other authors. An increased expression of caspsase-3 genes was noted in tachycardia-induced heart failure [29] [30] [31] . This may suggest that in DCM, frequently associated with tachyarrhythmias, apoptosis plays a key role in myocardial failure. However, the caspase-3 antibody used in our study was not specific for the inactive and active protein. That finding, as well as the marked caspase-3 expression in the control group, changes in nuclei structure in heart failure, alterations in transcription noted by other authors [26] , and the negative correlation between caspase-3 expression and cardiomyocyte degeneration, all suggest that the transcription of caspase-3 may be altered in DCM patients, thus leading to the use of all the available cytoplasmic caspase-3. In other studies of overexpression of caspase-3 in tachycardia-induced cardiomyopathy, the animals usually underwent a post-mortem examination after several weeks of the experiment [29] [30] [31] . The dogs in our study presented with stage D heart failure resulting from heart disease that lasted months or years. That may have contributed to the depletion of the available cytoplasmic proteins. On the other hand, Schaper et al. [26] hypothesise that apoptosis plays a minor role in heart failure.
Although the alterations in the expression of the examined proteins were noted in both groups, they were more pronounced in the DCM group than in the MMVD group. In our previous research [10] , we noted that the atrial specimens from DCM dogs contained more marked interstitial fibrosis and degeneration of cardiomyocytes, as well as less pronounced perivascular fibrosis and arterial narrowing compared to the MMVD dogs. That finding, together with a lower expression of desmin, vimentin, periostin and caspase-3 in the DCM group than in the control and MMVD groups, explains the negative correlation of the expression of those proteins and the features of cardiomyocyte degeneration (enlargement of the nuclei, loss of striation and structural changes) or perivascular fibrosis. It also explains the positive correlation between the expression of the markers and arterial narrowing.
Owing to the fact that the DCM and MMVD groups did not show significant differences in the LA enlargement (no difference in the LA/Ao ratio between groups), the significant differences in heart remodelling, including differences in the expression of cell markers, indicate that volume overload is not the only factor contributing to myocardial remodelling in DCM. This may suggest a potential role of sustained rhythm disturbances (frequent in DCM and present in all of the examined cases in the DCM group) or primary myocardial dysfunction leading to chamber dilation (as in the ventricular myocardium in dogs with DCM) in the remodelling of the LA in this disease [5, 6] .
The examined groups showed significant differences in the expression of the examined proteins. Hence, further studies will be focused on carrying out an analysis of numerous cell markers in both cardiomyocytes and interstitial tissue.
Conclusion
The expression of desmin, vimentin, periostin and caspase-3 in the left atrium changed in both DCM and MMVD compared to the normal myocardium. The alterations were more pronounced in dogs with DCM than in those with MMVD, and there was no difference in left atrial enlargement between the two groups. This suggests that although both diseases lead to similar left atrial enlargement, the mechanism of remodelling of LA myocardium varies between DCM and MMVD and may be not only a result of that enlargement resulting from volume overload. 
